Skovbro M, Boushel R, Hansen CN, Helge JW, Dela F. High-fat feeding inhibits exercise-induced increase in mitochondrial respiratory flux in skeletal muscle. J Appl Physiol 110: 1607-1614, 2011. First published March 17, 2011 doi:10.1152/japplphysiol.01341.2010.-Twenty one healthy untrained male subjects were randomized to follow a high-fat diet (HFD; 55-60E% fat, 25-30E% carbohydrate, and 15E% protein) or a normal diet (ND; 25-35E% fat, 55-60E% carbohydrate, and 10 -15E% protein) for 2 1/2 wk. Diets were isocaloric and tailored individually to match energy expenditure. At 2 1/2 wk of diet, one 60-min bout of bicycle exercise (70% of maximal oxygen uptake) was performed. Muscle biopsies were obtained before and after the diet, immediately after exercise, and after 3-h recovery. Insulin sensitivity (hyperinsulinemic-euglycemic clamp) and intramyocellular triacylglycerol content did not change with the intervention in either group. Indexes of mitochondrial density were similar across the groups and intervention. Mitochondrial respiratory rates, measured in permeabilized muscle fibers, showed a 31 Ϯ 11 and 26 Ϯ 9% exercise-induced increase (P Ͻ 0.05) in state 3 (glycolytic substrates) and uncoupled respiration, respectively. However, in HFD this increase was abolished. At recovery, no change from resting respiration was seen in either group. With a lipid substrate (octanoylcarnitine with or without ADP), similar exercise-induced increases (31-62%) were seen in HFD and ND, but only in HFD was an elevated (P Ͻ 0.05) respiratory rate seen at recovery. With HFD complex I and IV protein expression decreased (P Ͻ 0.05 and P ϭ 0.06, respectively). A fat-rich diet induces marked changes in the mitochondrial electron transport system protein content and in exercise-induced mitochondrial substrate oxidation rates, with the effects being present hours after the exercise. The effect of HFD is present even without effects on insulin sensitivity and intramyocellular lipid accumulation. An isocaloric high-fat diet does not cause insulin resistance.
Twenty one healthy untrained male subjects were randomized to follow a high-fat diet (HFD; 55-60E% fat, 25-30E% carbohydrate, and 15E% protein) or a normal diet (ND; 25-35E% fat, 55-60E% carbohydrate, and 10 -15E% protein) for 2 1/2 wk. Diets were isocaloric and tailored individually to match energy expenditure. At 2 1/2 wk of diet, one 60-min bout of bicycle exercise (70% of maximal oxygen uptake) was performed. Muscle biopsies were obtained before and after the diet, immediately after exercise, and after 3-h recovery. Insulin sensitivity (hyperinsulinemic-euglycemic clamp) and intramyocellular triacylglycerol content did not change with the intervention in either group. Indexes of mitochondrial density were similar across the groups and intervention. Mitochondrial respiratory rates, measured in permeabilized muscle fibers, showed a 31 Ϯ 11 and 26 Ϯ 9% exercise-induced increase (P Ͻ 0.05) in state 3 (glycolytic substrates) and uncoupled respiration, respectively. However, in HFD this increase was abolished. At recovery, no change from resting respiration was seen in either group. With a lipid substrate (octanoylcarnitine with or without ADP), similar exercise-induced increases (31-62%) were seen in HFD and ND, but only in HFD was an elevated (P Ͻ 0.05) respiratory rate seen at recovery. With HFD complex I and IV protein expression decreased (P Ͻ 0.05 and P ϭ 0.06, respectively). A fat-rich diet induces marked changes in the mitochondrial electron transport system protein content and in exercise-induced mitochondrial substrate oxidation rates, with the effects being present hours after the exercise. The effect of HFD is present even without effects on insulin sensitivity and intramyocellular lipid accumulation. An isocaloric high-fat diet does not cause insulin resistance.
high-fat diet; complex I-V METABOLIC ADJUSTMENT TO a fat-rich diet leads to higher oxidation of fat during rest and exercise (5, 10) . During exercise, the increased contribution of fat originates from both increased muscle triacylglycerol breakdown and increased utilization of VLDL-triacylglycerol and plasma fatty acid (10) . In line with this, a fat-rich diet, pending the carbohydrate content in the fat diet is low, also leads to decreased glycogen storage and carbohydrate oxidation (16) . This is currently ascribed to a decreased pyruvate dehydrogenase (PDH) activation (13) (14) (15) and an increased ␤-oxidative capacity (9) . It is currently not clear if a fat-rich diet also exerts a direct effect on the electron transport chain at rest and during exercise. However, there is evidence obtained from oligonucleotide microarray analysis that six genes involved in oxidative phosphorylation (OXPHOS) are downregulated in humans after 3 days of a high-fat diet (20) . Furthermore, the gene expression of proliferator-activated receptor-coactivator-(PGC)-1␣ and -␤ were also decreased by 20 -25% (20) . The latter is of special interest since PGC-1␣ and -␤ are regulators of mitochondrial biogenesis by inducing transcription factors necessary for mitochondrial DNA replication and transcription (25) . In animals, however, a high-fat diet has been shown to increase mitochondrial biogenesis (8, 24) . Thus agreement on the direction of the effect of high-fat diet does not exist, but a direct effect of fat-rich diet on mitochondrial electron chain transport function seems to exist.
Mitochondrial biogenesis and mitochondrial enzyme activities in skeletal muscle are stimulated by endurance exercise training. Whether mitochondrial function per given mitochondrial mass (a qualitative adaptation) or only the content (a quantitative adaptation) is changed with endurance training is debated (18) . Nevertheless, exercise bouts inherent in the training condition stimulates gene transcription and expression of PGC-1␣ (17) , which is considered a key protein involved in both up-and downregulation of mitochondrial biogenesis, induced by exercise and high-fat diet, respectively. The effects of a short-lasting intensive exercise bout on mitochondrial respiration and enzyme activities have shown diverging results, depending on whether isolated mitochondria or permeabilized muscle fibers are studied. In isolated mitochondria, both a decreased rate of respiration (19) and an unchanged rate of respiration (23) have been found, while in permeabilized fibers increased state 2 and state 3 respiration has been shown (23) . In prior studies of skeletal muscle, mitochondrial respiration in humans the focus has been on either the isolated effect of diet or the isolated effect of exercise. While a high-fat diet may (8, 24) or may not (20) increase mitochondrial biogenesis, the effect on mitochondrial respiration per mitochondrion is uncertain. The combined effects of a high-fat diet and acute exercise are also not known. Therefore, we studied first the isolated effect of a high-fat diet, and secondly the effect of acute exercise on different diet background.
We have therefore randomized a group of healthy, young subjects into consuming either a diet containing the recommended daily allowance of macronutrients [normal diet (ND)] or diet containing a high-fat content [high-fat diet (HFD)] for a 2 1/2 -wk period. At the end of the 2 1/2 wk, a 60-min exercise bout was performed. To assess the role of HFD on insulin sensitivity, a hyperinsulinemic-euglycemic clamp was performed on a separate day.
METHODS

Subjects
Twenty-one healthy untrained young men were included in the study. None of the subjects participated in regular structured exercise training activities, and they had been weight stable for at least 1 yr. The characteristics of the subjects are listed in Table 1 . None of the subjects had a family history of diabetes or endocrine disorders, and none were taking any medication. All were nonsmokers.
Before and after the diet intervention (see below), body composition was measured with DXA scanning (Lunar Prodigy Advance, GE Healthcare, UK) and maximal oxygen consumption (V O2max) was measured on a bicycle ergometer using a stepwise incremental test using an Oxycon Pro (Jaeger Instruments, Höchberg, Germany) and the leveling off criterion (1) . An International Physical Activity Questionnaire (IPAQ; the short 7 last days self-administered version) was answered by each subject before entering the study. Individual basal metabolic rate was estimated by measurements of resting oxygen consumption and carbon dioxide production via a ventilated hood (Oxycon Champion; Jaeger Instruments). Each measurement lasted 15-20 min and was done in the morning with the subjects in a 10-h fasted state. 
Diet Recordings and Intervention
Individual diet recordings for 4 days, including a weekend day, were obtained to ensure that dietary habits were not extreme and that the distribution of energy content was reasonably close to recommended standards [normal diet (ND): 25-35E% fat, 55-60E% carbohydrate and 10 -15E% protein]. The subjects were then randomized (by drawing 1 out of 21 identical envelopes) into either continuation of the habitual, ND, or to start on a 2 1/2 -wk fat-rich diet (HFD: 55-60E% fat, 25-30E% as carbohydrate and 15E% protein). The contribution of saturated, mono-unsaturated and polyunsaturated fatty acids was 24, 18, and 11E%, respectively, in the HFD. The remaining lipid (up to 55-60E%) is made up of glycerol. The food items were not provided from a metabolic kitchen, but a detailed menu plan was given to each of the subjects, including information on where to buy the food. The importance of eating the exact weight that was given in the individual menu plan was emphasized. The prescription of HFD was given by seven different daily menus consisting of six meals that were composed to ensure palatability tastiness and adherence to the protocol. Dietary compliance was controlled by diet recording for 4 days including a weekend day during the 2 1/2 wk in both ND and HFD group.
If necessary, dietary energy intake was adjusted to maintain a stable body weight (subjects measured their weight every morning). The individual energy expenditure requirements were based on dietary recordings, measurement of individual basal metabolic rate, and data from the IPAQ questionnaire.
Experimental Days
After 2 1/2 wk of consumption of the diets, the subjects arrived in the laboratory in the morning after an overnight fast. Height and weight were measured, and the subjects were then placed in bed.
Resting oxygen consumption and carbon dioxide production was measured in the supine position via a ventilated hood (Oxycon Champion; Jaeger Instruments). Venous catheters were then inserted into a superficial hand vein (retrograde direction) and in a cubital vein for later withdrawal of blood samples and infusion of insulin and glucose, respectively. The hand was kept in a heating pad to obtain arterialized venous blood.
Altogether four biopsies from the vastus lateralis were obtained from each subject on different days (Fig. 1) . One biopsy before the diet intervention began (day 0), one after the diet intervention (day 15), one after 60 min of exercise (day 16), and one 3 h postexercise, i.e., at recovery (day 16). A part of the biopsy was immediately frozen in liquid nitrogen and stored at Ϫ80°C for later analysis. A smaller part (Ϸ10 mg) of the biopsy was separated for immediate analysis of oxygen consumption ex vivo, and this was kept ice-cold in a petri dish with biopsy preserving solution (BIOPS), as previously described (3) (see below). Not all analyses were carried out on all biopsies: The effect of diet on protein expression of subunits in complex I-V was done by comparing Western blots from before (day 0) and after (day 15) the diet. The effect of the diet on mitochondrial respiration was done by comparing respiratory rates in HFD and ND from the biopsy taken at day 15. The effect of acute exercise on mitochondrial respiration in HFD and ND groups was done by comparing the respiratory flux in the biopsy obtained immediately after exercise (day 16) with the biopsy obtained at rest on day 15. Whether the respiratory flux was changed 3 h postexercise, i.e., at recovery, was done by comparing the respiratory flux in the biopsy obtained at recovery (day 16) with the biopsy obtained at rest on day 15.
After the biopsy on day 15, a 120-min hyperinsulinemic (40 mU·min Ϫ1 ·m Ϫ2 )-euglycemic clamp was initiated and performed in principle as previously described (7) . Glucose infusion rates during the final 30 min of the clamp were averaged. During the final 20 min of the clamp, measurements of resting oxygen consumption and carbon dioxide production via a ventilated hood were repeated. After the clamp was finished and glucose homeostasis was reestablished, the subject continued with his prescribed diet for the remainder of the day. Values are means Ϯ SE. Twenty-one healthy young men were randomized into 2 1/2 wk of normal diet or high-fat diet. Measurement were done before (Prediet) and after (Postdiet) the intervention. VO2max, maximal oxygen uptake. *P Ͻ 0.05, significant effect of the intervention.
The day after the clamp, the subject reported back to the laboratory after an overnight fast. A venous catheter was inserted in a dorsal hand vein for drawing of arterialized blood using the heated hand technique. A 60-min exercise bout was performed on a bicycle ergometer at an intensity of 70% of V O2max. The exercise included a warm up period of 7 min at 40% of V O2max. Achievement of the appropriate exercise intensity was assured by online oxygen uptake monitoring as well as monitoring of heart rate, and the work load was adjusted accordingly.
Analyses in Muscle
Mitochondrial oxygen consumption was measured in saponin permeabilized muscle fibers by high resolution respirometry at 37°C (Oroboros 2k Oroboros Instruments, Innsbruck, Austria) with buffers and procedures a previously described (3). All measurements of respiration were done in duplicate and after hyperoxygenation (450 nmol O 2/ml) to avoid a limiting effect of oxygen. Addition of substrate and inhibitors always began after a ϳ20-min stable routine respiration flux. Two different substrate and inhibitor protocols were used on two instruments.
Protocol A. Coupled state 3 respiration with parallel electron input to complexes I and II was achived by addition of malate (2 mM), glutamate (10 mM), ADP (5 mM), and succinate (10 mM). These substrates are termed glycolytic substrates, since they are generally provided to the mitochondrial electron transport system through glycolysis in the intact cell. After recordings of stable oxygen fluxes, cytochrome c (10 mM) was added to assess for possible outer mitochondrial membrane defect, which was set to a criterion value of 10% increase in flux rate. Oligomycin (8 g/ml) was added to block ATP-synthase activity in complex V to measure state 4 respiration. Finally, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP; stock solution of 1 mM) was titrated in steps of 0.5 l into the chamber until the highest uncoupled respiration was achieved.
Protocol B. Following respiration with malate (2 mM), octanoyl carnitine (1 mM) and ADP (5 mM) were added for measurements of state 3 fatty acid oxidation rate. The concentrations of substrates and inhibitors used were based on prior experiments conducted for optimization of the titration protocols.
Measures of mitochondrial respiration were in both protocols expressed as picomoles per second per milligram of wet weight muscle tissue.
Intramyocellular triacyl glycerol was measured biochemically in the muscle biopsies after treatment with tetraethylammoniumhydroxide, perchloric acid, and KHCO 3. The liberated glycerol concentration in the supernatant was subsequently measured spectrophotometrically (Hitachi 612 Automatic Analyzer; Roche, Glostrup, Denmark).
Muscle glycogen content was determined spectrophotometrically as glucose residues after hydrolysis of the muscle sample in 1 M HCl at 100°C for 2 h.
Citrate synthase activity was determined by 50 times dilution in a solution containing 100 M acetyl-CoA, 0.5 mM NAD (free acid), 1 mM sodium malate, 8 g/ml malate dehydrogenase (1,200 U/mg; Boehringer Mannheim), 2.5 mM EDTA, and 10 mM Tris·HCl (pH 8.0). ␤-Hydroxyacyl-CoA-dehydrogenase activity was determined in a solution containing 1 mg/ml acetoacetyl-CoA, 10 mM NADH, 0.2 mmol/EDTA, and 40 mM imidazole (pH adjusted to 7.0). Both citrate synthase and ␤-hydroxyacyl-CoA-dehydrogenase was measured spectrophotometrically at 37°(Hitachi 612 Automatic Analyzer; Roche).
Total DNA was precipitated from ϳ10 mg tissue (day 15; Fig. 1 ) homogenized in DNAzol (Molecular Research Center, Cincinnati, OH) and dissolved in 8 mM NaOH. The mitochondrial and genomic DNA content was measured as previously described (12) .
Mitochondrial complex protein I-V contents were estimated by Western blotting by probing a subunit in each of the five mitochondrial complex proteins using the MitoProfile Human Total OXPHOS Complex Detection Kit (MitoSciences, Eugene, OR). The quantification of the intensity of the bands was taken as a representative for the complex in question. Approximately 20 mg of each biopsy (day 0 and day 15; Fig. 1 ) were homogenized in buffer at room temperature (25 mM Tris pH 6.8, 3%SDS, 20 mM ␤-glycerophosphate, 10 mM pyrophosphate, 2 mM sodium orthovanadate, 5 mM EDTA, and 2 mM PMSF) added Complete protease inhibitor cocktail tablets (Roche Molecular Chemicals) according to the manufacturer's recommendations. For Western blot, 20 g of total protein were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked overnight in 5% defatted milk and probed with primary antibody and horseradish peroxidase conjugated secondary antibodies. The antigen-antibody complexes were visualized by ECL using a CDD system (LAS-3000, Luminescent Image Analyzer; Fujifilm) and quantified by the Multi Gauge analysis software (Fujifilm). The intensity of each specific complex protein band from the biopsy after diet intervention was calculated relative to the intensity of the band in the biopsy before diet intervention for each subject.
Analyses in Plasma
An ABL (ABL System 735; Radiometer, Copenhagen, Denmark) was used for immediate measurement of plasma glucose concentrations during the clamp. All other blood samples were collected in chilled tubes and centrifuged at 4,000 rpm for 10 min at 4°C and stored at Ϫ80°C until analyzed. The tubes for insulin analysis (ELISA kit; DAKO, Glostrup, Denmark) were stabilized with trasylol/EDTA. Tubes for analysis of plasma concentrations of free fatty acids (FFA; NEFA C; WAKO Chemicals, Neuss, Germany), glycerol, triglycerides, and creatine kinase (all enzymatic analysis spectrophotometrically; Hitachi 612 Automatic Analyzer; Roche) were stabilized with EDTA alone.
Statistics
The statistics were performed using Sigma Stat for Windows, version 2.3 (Systat Software, Erkrath, Germany). The effect of the intervention was tested with paired and unpaired t-test analysis, as appropriate. Pearson's product moment correlation coefficient was . At the end of the diet period, a hyperinsulinemic-isoglycemic clamp (C) was carried out on day 15. On day 16, a 60-min exercise bout was performed on an ergometer bicycle at 70% of V O2max. Muscle biopsies were obtained, and blood was sampled at depicted times (arrows) or only blood was sampled (arrowheads). calculated for correlation analysis. All data are presented as means Ϯ SE. A P value of Ͻ0.05 was considered as significant.
RESULTS
Anthropometric Changes
In accordance with the study design, body weight was kept constant in both groups despite the major difference in macronutrient composition (Table 1) . Small changes in body composition were seen. In ND, percent body fat decreased slightly, but significantly (Table 1) , and in HFD there was a small decrease in lean body mass (Table 1) .
Metabolism
During the diet intervention period, the caloric intake by the two groups did not change, and the basal metabolic rate was also unchanged ( Table 1 ). The diet recordings revealed that the diet composition as fat, carbohydrates, and protein was 28.3 Ϯ 2.6, 54.0 Ϯ 2.8, and 17.6 Ϯ 0.7 E%, respectively, in the ND group. For the HFD groups the composition was significantly (P Ͻ 0.05) different for fat, carbohydrate, and protein intake (54.6 Ϯ 2.2, 31.8 Ϯ 2.1, and 13.6 Ϯ 0.3 E%, respectively).
Fasting plasma concentrations of triacylglycerol, FFA, and glycerol were not affected by the diets (Table 2) . During the clamp, plasma FFA and glycerol decreased. With exercise, plasma glycerol increased and was decreased again at recovery (Table 2) . Plasma FFA was increased in ND at recovery but not immediately after exercise. In HFD, plasma FFA concentrations were lower at recovery compared with ND (Table 2) .
Fasting plasma glucose and insulin concentrations did not change in response to the intervention in either of the groups. Plasma insulin concentrations during the clamp increased similarly to 368 Ϯ 21 and 358 Ϯ 13 pmol/l in HFD and ND, respectively. Insulin-mediated whole body glucose uptake rates were not different between the ND and the HFD group (7.4 Ϯ 0.6 and 7.3 Ϯ 0.5 mg·min Ϫ1 ·kg Ϫ1 , respectively). Also, when the glucose infusion rates were expressed per fat-free mass, as glucose clearance rates or normalized to the prevailing plasma insulin concentration (insulin sensitivity index), no difference was apparent (data not shown).
Indirect Calorimetry
The respiratory exchange ratio was not different between HFD and ND group at before (0.81 Ϯ 0.01 and 0.84 Ϯ 0.02, respectively) or at the end of the clamp (0.91 Ϯ 0.02 and 0.90 Ϯ 0.02, respectively), and the increase with insulin was similar. The calculated glucose and lipid oxidation rates as well as nonoxidative glucose storage were not different between the groups (data not shown).
Muscle Fibers
Double-stranded mitochondrial DNA content was measured as a marker of mitochondrial content per milligrams of muscle, and no difference between the subjects who had been on ND (4.54 Ϯ 0.36 ϫ 10 8 copies/mg) or HFD (4.55 Ϯ 0.50 ϫ 10 8 copies/mg) was detected. Double-stranded genomic DNA per milligrams of muscle did not differ between groups (data not shown), and the number of nuclei per milligrams of tissue did not differ between ND (6.81 Ϯ 0.51 ϫ 10 4 nuclei/mg) and HFD (7.35 Ϯ 0.46 ϫ 10 4 nuclei/mg). It follows that the number of mitochondria per nuclei (6,714 Ϯ 312 and 6,060 Ϯ 540) did not differ between ND and HFD, respectively.
Although creatine kinase concentrations in the plasma were slightly increased after the exercise, this cannot be interpreted as muscle damage, which normally results in much higher values (Table 2) .
Intramyocellular triacylglycerol content in the muscle was not different between the ND and the HFD group (Table 3) . With exercise, a nonsignificant increase in intramyocellular triacylglycerol was seen, and at recovery the content tended (P Ͻ 0.1) to be higher than at basal 1 in both groups (Table 2) . Glycogen content in the muscle was similar between the groups, and a markedly decreased glycogen (P Ͻ 0.05) content was seen in both groups after exercise (Table 2) .
Citrate synthase activities in the muscle biopsies obtained at rest (Table 2 ) from ND and HFD were not different. With exercise, citrate synthase activity increased (P Ͻ 0.05) in both ND and HFD, and this was maintained during recovery in HFD while the activity tended (P Ͻ 0.1) to decrease in ND ( Table  2 ). The activity of ␤-hydroxyacyl-CoA-dehydrogenase followed in principle the same pattern as citrate synthase (Table  2) , again with a maintenance of the elevated activity during recovery in the HFD but not in the ND group ( Table 2) .
The protein content of mitochondrial complex I-V was not different between the ND and the HFD groups (Fig. 2) . However, a small, but significant (P Ͻ 0.05), decrease in complex I content with high-fat feeding was seen (Fig. 2) . Furthermore, complex IV abundance tended (P ϭ 0.064) to be decreased with HFD (Fig. 2) . No change was seen in the ND group.
Mitochondrial Respiration
Respiratory oxygen consumption rates were not different between the HFD and the ND groups at rest (Baseline; Table  2 ). However, the two groups differed markedly in their response to 60 min of exercise. Thus state 3 coupled mitochondrial respiration with substrates for dual electron input in complex I ϩ II (protocol A) increased significantly with exercise and returned at recovery in ND, while the HFDtreated subjects displayed no response to exercise (Fig. 3) . Respiration with oligomycin (membrane leak) did not change with exercise in any group, while uncoupled respiration, showing the full potential of electron transport chain flux, was inhibited in the HFD group and increased in ND (Fig. 3) .
In contrast, upon stimulation of mitochondrial respiration with the medium-chain fatty acid octanoyl carnitine both groups displayed increased respiratory rates after exercise (Table 2 and Fig. 4) , while only the HFD group had maintained this increased respiratory rate 3 h postexercise at recovery (Table 2 and Fig. 4 ).
DISCUSSION
The novel and most interesting finding in the present study is the inhibition by HFD on the exercise-induced increase in state 3 respiration (Fig. 3) . This inhibitory effect on respiration was selective for glycolytic substrates, as it was not present upon stimulation with fatty acids (Fig. 4) . Furthermore, the inhibitory effect was present only in the biopsy obtained immediately after exercise; after 3 h of recovery, respiratory rates with glycolytic substrates had returned to preexercise levels. A second novel finding in this study is the exerciseinduced increased respiratory rate with fatty acid stimulation (Fig. 4) , both with and without ADP. This effect was not affected by the diet, but in the HFD treated subjects the increase was present even 3 h postexercise, at a time when the effect had disappeared in the ND group. Finally, we have demonstrated that a HFD which is isocaloric with the ND does not result in decreased insulin sensitivity or deranged metabolic flexibility.
These data on mitochondrial respiratory fluxes in the muscle fibers are compatible with whole body responses to diet and exercise intervention. That is, with a HFD lipid combustion will be increased during exercise due to increased lipid availability and/or a decrease in glycolytic oxidative capacity. Compatible data on increased fatty acid oxidative capacity are found in studies of fat-fed mice (24) or rats (8) , even though the increased flux rates were obtained during an un-physiologically low temperature (24) . Furthermore, the reported increase was most likely due to increased mitochondrial content because citrate synthase activity (24) and mitochondrial DNA copy number (8) increased by 25-58% and Ϸ100%, respectively, in the fat-fed animals. Nevertheless, the data point in the same direction in these studies and in the present study. Combustion of substrates from the glycolytic pathway would be expected to be lowest in previously high-fat fed subjects. What is really remarkable is the fact that this pattern of mitochondrial substrate flux is maintained and preserved in the permeabilized skeletal muscle fibers obtained from biopsies taken only seconds after the subjects have stopped exercising. Thereafter, the biopsies were handled in different preparation procedures (see METHODS) including several washing procedures, and still the different respiratory flux patterns can be measured repeatedly in extended analyses. Foremost, it is clear that the ex vivo measure of mitochondrial respiration is quite close to the in vivo situation, and similar data could probably not be obtained in isolated mitochondria because all cytosolic substances disappear along with the cytoskeleton during the isolation procedure. Previously, other studies (19, 23 ) have attempted to ascertain whether an increase in mitochondrial respiratory rates occurs in isolated mitochondria following high-intensity exercise, but this has not been demonstrated. However, the effect of three short bursts of high-intensity exercise measured in permeabilized fibers showed an increase in state 2 and state 3 respiration (23). In contrast, prolonged exhaustive exercise does not increase state 3 (ADP stimulated) respiration but requires additional creatine stimulation (22) . The present study, utilizing 60 min of endurance exercise at 70% of V O 2max , is therefore filling the gap between the studies with short high-intensity exercise (23) and the exhaustive exercise (22) by showing that with a HFD there is a decrease in carbohydrate oxidative capacity during exercise and an prolonged increased effect on lipid oxidation.
An obvious candidate for conveying this memory of prior high-fat feeding in the muscle cell to the mitochondria would be accumulated lipid droplets in the muscle cell. However, our measurements of intramyocellular triacylglycerol content did not show differences between the two groups, neither after the diet period nor during or after the exercise bouts (Table 2) , which is in contrast to other studies employing isocaloric HFDs in humans, albeit in highly trained athletes (11, 27) . This lack of accumulation of intramyocellular triacylglycerol with high-fat feeding in the present study may be due to analytical variation. The content of glycogen in the muscle could also be a potential signal mediating to the mitochondria. However, most likely Fig. 4 . Healthy young men were given a HFD (black columns) or ND (white columns). Muscle biopsies (vastus lateralis) were obtained after an overnight fast (baseline, day 15) and at the end of a 1-h bicycle exercise bout at 70% of V O2max (after exercise, day 16; top: Exercise) and after 3-h recovery from the exercise (recovery, day 16; bottom: Recovery). Mitochondrial respiratory rates were measured during addition of a medium-chain fatty acid (octanoylcarnitine) and further after addition of ADP. All data are expressed relative to respiratory fluxes measured at baseline on day 15, which is set to 100. Values are means Ϯ SE. #P Ͻ 0.05, significantly different from baseline, day 15 (ϭ100). Fig. 3 . Healthy young men were given a HFD (black columns) or ND (white columns). Muscle biopsies (vastus lateralis) were obtained after an overnight fast (baseline, day 15) and at the end of a 1-h bicycle exercise bout at 70% of V O2max (after exercise, day 16; top: Exercise) and after 3 h recovery from the exercise (recovery, day 16; bottom: Recovery). Mitochondrial state 3 respiration was obtained by adding glutamate, succinate, malate, and ADP (GSM3). State 4o was obtained by subsequent addition of oligimycin. Finally, uncoupled respiration (GSM3u) was measured after further addition of p-trifluoromethoxy carbonyl cyanide phenyl hydrazone. All data are expressed relative to respiratory fluxes measured at baseline on day 15, which is set to 100. Values are means Ϯ SE. *P Ͻ 0.05, significant difference between ND and HFD. #P Ͻ 0.05, significantly different from baseline, day 15 (ϭ100).
due to the fact that a hyperinsulinemic clamp was performed the day before the exercise, muscle glycogen content was similar in the ND and the HFD group and the decrease we observed with exercise (Table 2) was similar in the two groups. Also, citrate synthase and ␤-hydroxyacyl-CoA-dehydrogenase enzyme activities were similar ( Table 2 ). The activity of pyruvate dehydrogenase (PDHa) has been shown to be downregulated with a HFD (21) , which is consistent with our findings of a decreased glycolytic oxidative capacity (Fig. 3) . A final possible mechanism for the HFDinduced decrease in respiratory glycolytic flux rates during exercise could be the decreased contents of mitochondrial electron transport system proteins, which were lowered by HFD (complex I; P Ͻ 0.05; complex IV; P ϭ 0.064) or lower in HFD vs. ND (complex III; P ϭ 0.057; complex V; P Ͻ 0.05; Fig. 2) .
High-fat feeding also inhibited the increase in uncoupled respiratory capacity rates (Fig. 3) . This respiratory state is achieved by adding a chemical uncoupler (e.g., FCCP) to the respiratory chamber containing the muscle. This is a measure of the maximal capacity of electron transport system (and not a test of the intrinsic uncoupling capacity). It follows, therefore, that if the protein content (or activity) of one or more of the proteins in the electron transport system is downregulated, it would have an impact on the respiratory rate with FCCP ( Figs. 2 and 3) .
The diets were intentionally made isocaloric, and the unchanged body weight and body composition indirectly testified that subject compliance was excellent. However, the diets were markedly different in macronutrient composition (in particular fat content was 28 vs. 55 E% in ND and HFD, respectively), but whole body insulin-mediated glucose uptake rates were not changed by the diet composition. Thus high-fat/low-carbohydrate feeding per se does not induce a decreased insulin action. This is in line with data from previous studies using similar interventions in healthy subjects (2, 4, 6, 26) and in insulin-resistant people (Dela F and Helge JW, unpublished data). However, high-fat feeding may result in decreased carbohydrate oxidation in the face of increased glucose storage (2, 4, 6) , but this scenario cannot be confirmed by data in the present study in which there were no differences in respiratory exchangeratio values at rest during the clamp between the groups. This is most likely due to the fact that the HFD was isocaloric with the ND. Thus the caloric content may seem more important for insulin sensitivity than the fat content in the diet.
In summary, we have demonstrated that high-fat feeding has pronounced effects on substrate oxidation during exercise. Following a HFD, mitochondrial oxidation of glycolytic substrates is diminished during exercise. Furthermore, the mitochondrial electron transport capacity and complex I abundance is diminished with a HFD. These finding were present in the absence of accumulated intramyocellular triacylglycerol and unchanged insulin sensitivity with isocaloric high-fat feeding.
